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Abstract.
The X(3872) with quantum numbers JPC = 1++ is considered as a composite
state containing both molecular hadronic and a cc¯ component. Based on this structure
assumption we first constrain model parameters in order to reproduce the predictions
for the radiative decay widths of X(3872)→ J/ψγ andX(3872)→ ψ(2S)γ as obtained
in cc¯ potential models. Depending on these predictions we find that further inclusion
of the molecular component can in principle lead to an improved description of the
radiative X(3872) decays. We also show that strong decay modes of the X(3872) and
in particular the ratio of radiative (J/ψγ) to strong (J/ψpi+pi−) decays hint towards
a subleading role of the cc¯ component in the X(3872).
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1. Introduction
The X(3872) is one of the peculiar new meson resonances which was discovered during
the last years [1] and where its properties cannot be simply explained in the context
of conventional constituent quark models. Presently several structure interpretations
for this new resonance are proposed in the literature (for a status report see e.g.
Refs. [2, 3, 4]). In the molecular approaches of [5]-[36] it is argued that the X(3872) can
be identified with a weakly–bound hadronic molecule whose constituents are D and D∗
mesons. This natural interpretation is due to the fact that its mass mX is very close to
the D0D¯∗0 threshold and hence is in analogy to the deuteron — a weakly–bound state
of proton and neutron.
First it was proposed that the stateX(3872) is a superposition ofD0D¯∗0 and D¯0D∗0
pairs. Later (see e.g. discussions in Refs. [14, 16, 19]) other additional configurations
such as a charmonium or even other meson pair components were discussed in addition
to D0D¯∗0+ its charge conjugate (c.c.) (Here and in the following we use the convention
that D¯∗0 does not change sign under charge conjugation. For a detailed discussion see
also Ref. [34]). The additional possibility of two nearly degenerate X(3872) states with
positive and negative charge parity has been discussed in Refs. [26, 37].
In the present paper we focus on the radiative decays of the X(3872). There
exist already several calculations for the radiative decays of the X(3872) and various
approaches give quite different results for the partial decay widths even when based
on the same structure assumption. A new measurement by the BABAR Collaboration
gives clear evidence for a strong radiative decay mode involving the ψ(2S) [38]. They
indicate the measured ratio of
R =
B(X(3872)→ ψ(2S)γ)
B(X(3872)→ J/ψγ) = 3.5± 1.4. (1)
A naive estimate for this ratio just involving phase space gives a suppression of the
ψ(2S)γ relative to the J/ψγ decay mode. Therefore, dynamical selection rules play
an important role to explain the enhanced ψ(2S)γ mode. A first model-dependent
prediction for the radiative decays in the molecular picture [15] indicates that while
the decay to J/ψγ can be accommodated, the width of the decay channel ψ(2S)γ is
very small. It is therefore expected that the ratio of Eq. (1) gives some constraint on a
possible charmonium component in the X(3872). Analyses of the radiative decays of the
X(3872) interpreted as a pure 23P1 charmonium configuration have been performed in
potential approaches (see e.g. Refs. [13, 17, 28]). There it was shown that the results for
the ratio R vary from 1.3 to 12.8 depending in particular for theX → γJ/ψ transition on
sensitive details such as the position of the node in the transition form factor. Especially
the result of Ref. [17] is compatible with current data including errors. But it should
also be noted that potential model predictions for the mass of the 23P1 configuration
are about 30 [28] to 80 MeV [13] higher than the observed X(3872) mass.
In Refs. [29, 33, 39, 40] we developed a formalism for the study of recently observed
exotic meson and baryon states (like D∗s0(2317), Ds1(2460), X(3872), Y (3940), Y (4140),
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Z(4430), Λc(2940), Σc(2800), . . .) as hadronic molecules. In Ref. [33] we extended our
formalism to the description of the decay X → J/ψγ assuming that the X is a S–wave
(D0D¯∗0 + D∗0D¯0)/
√
2 molecule of positive charge parity. As in the case of the D∗s0
and Ds1 states a composite (molecular) structure of the X(3872) meson is defined by
the compositeness condition Z = 0 [41, 42, 43] (see also Refs. [29, 33, 39, 40, 44]).
This condition implies that the renormalization constant of the hadron wave function
is set equal to zero or that the hadron exists as a bound state of its constituents.
The compositeness condition was originally applied to the study of the deuteron as a
bound state of proton and neutron [41]. Then it was extensively used in low–energy
hadron phenomenology as the master equation for the treatment of mesons and baryons
as bound states of light and heavy constituent quarks (see e.g. Refs. [42, 43]). By
constructing a phenomenological Lagrangian including the couplings of the bound state
to its constituents and of the constituents to other particles in the possible decay
channels we calculated meson–loop diagrams describing different decays of the molecular
states (see details in [29, 33, 39, 40]). In Ref. [33] we originally estimated the role of
a possible charmonium component in the radiative X(3872) decay. Our consideration
was based on an effective hadronic Lagrangian describing the interaction of J/ψ with
D and D∗ mesons taken from an analysis of J/ψ absorption in hadronic matter [45].
Then in Ref. [29] we considered the X(3872) as a superposition of the molecular D0D∗0
component and other hadronic pairs – D±D∗∓, J/ψω and J/ψρ. The strong couplings
of the charmonium states J/ψ and ψ(2S) to D and D∗ mesons were now consistently
taken from heavy hadron chiral perturbation theory (HHChPT) [46]. In Ref. [33] our
formalism was based on the idea that the molecular D0D∗0 component dominates the
radiative decay of the X(3872). In this vein we used a dominant fraction of the D0D∗0
component in theX(3872) Fock state and also a relatively large value for the dimensional
parameter ΛDD∗ describing the distribution of D
0 and D∗0 mesons in the X(3872). This
led to the conclusion that the molecular D0D∗0 component plays the leading role when
compared to an admixed charmonium configuration in determining the X → J/ψγ
decay width [29, 33]. Here we improve our approach by using a smaller value for
the parameter ΛDD∗ = 0.5 GeV to generate a D
0D∗0 molecular component which is
spatially more extended in comparison to the charmonium one. Also, we modify the
vertex functions of the involved excited charmonium configurations in the X(3872) and
for the ψ(2S) such as to match the corresponding band width of predictions for radiative
transitions of heavy quarkonia in potential models [13, 17, 28]. Both an inclusion of the
molecular and the charmonium components in the X(3872) can lead to an improved
description of the ratio R involving the radiative modes while still being able to explain
the strong decays of the X(3872) such as J/ψπ+π− and J/ψπ+π−π0. Therefore, the
main objective of our paper is to demonstrate that a more precise measurement of the
radiative decays of X(3872) and the corresponding ratio R can help to understand the
composite structure of this unusual state, in particular to determine the fraction of the
molecular and the charmonium components.
In the present paper we proceed as follows. In Sec. II we first discuss the basic
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notions of our approach. We discuss the effective Lagrangian for the treatment of
the X(3872) meson as a superposition of the molecular and charmonium components.
Second, we consider the radiative two–body decays X → ψ(2S)γ andX → J/ψγ decays.
In Sec. III we present our numerical results. In Sec. IV we present a short summary.
2. Approach
Following Refs. [14, 29, 33] we consider the X(3872) state as a superposition of the
dominant molecularD0D∗0 component, of other hadronic configurations–D±D∗∓, J/ψω,
J/ψρ, as well as of the cc¯ charmonium configuration as
|X(3872)〉 = cos θ
[
Z
1/2
D0D∗0√
2
(|D0D¯∗0〉+ |D∗0D¯0〉) + Z
1/2
D±D∗∓√
2
(|D+D∗−〉
+ |D−D∗+〉) + Z1/2Jψω|Jψω〉+ Z
1/2
Jψρ
|Jψρ〉
]
+ sin θ |cc¯〉 . (2)
Here θ is the mixing angle between the hadronic and the charmonium components: cos2 θ
and sin2 θ represent the probabilities to find a hadronic and charmonium configuration,
respectively, for the normalization
ZD0D∗0 + ZD±D∗∓ + ZJψω + ZJψρ = 1 . (3)
The limiting case of cos θ = 1 corresponds to the situation where X(3872) has no
charmonium component (this case was considered recently in Ref. [29]) while the value
cos θ = 0 refers to the pure charmonium interpretation of the X(3872). In this paper we
will simply employ values for ZD0D∗0 , ZD±D∗∓, ZJψω and ZJψρ as derived in a potential
model [14].
Our approach is based on an effective interaction Lagrangian describing the
couplings of the X(3872) to its constituents. Following our formalism developed in [29]
we apply a nonlocal form containing the correlation functions Φ(y2) characterizing the
distribution of the constituents in the X(3872). The Lagrangian is set up as:
LX(x) = g
XD0D∗0
Xµ(x) J
µ
D0D∗0(x) + gXD±D∗∓ Xµ(x) J
µ
D±D∗∓(x)
+
g
XJψω
mX
ǫµναβ X
µ(x) JβµJψω(x) +
g
XJψρ
mX
ǫµναβ X
µ(x) JβµJψρ(x)
+ g
Xcc¯
Xµ(x)J
µ
cc¯(x) , (4)
where g
XH1H2
and g
Xcc¯
are the couplings of X(3872) to the hadronic constituents H1H2
and to the cc¯ component. X is the field describing X(3872) and JΓψ1ψ2 are the respective
currents composed of the fields ψ1 and ψ2 with:
Jµ
DD¯∗
(x) =
1√
2
∫
d4yΦDD∗(y
2)
(
D(x+ y/2)D¯∗µ(x− y/2) + D¯(x+ y/2)D∗µ(x− y/2)
)
,
JναβJψV (x) = J
ν
ψ(x)
∫
d4yΦV (y
2)∂αV β(x+ y) , (5)
Jµcc¯(x) =
∫
d4yΦcc¯(y
2)c¯(x+ y/2)γµγ5c(x− y/2) .
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Here ΦDD∗ is the correlation function describing the distribution of DD
∗ inside X , the
function ΦV describes the distribution of the light vector meson V = ρ or ω around
the J/ψ, which is located at the center of mass of the X(3872), and the function Φcc¯
represents the distribution of the cc¯ component. A basic requirement for the choice of
an explicit form of the correlation functions ΦI (I = DD
∗, V, cc¯) is that their Fourier
transforms vanish sufficiently fast in the ultraviolet region of Euclidean space to render
the Feynman diagrams ultraviolet finite. We adopt the Gaussian form for the correlation
functions. In particular, for the molecular correlation functions the Fourier transform
of ΦI (I = DD
∗, V ) reads:
Φ˜I(p
2
E/Λ
2
I)
.
= exp(−p2E/Λ2I) , (6)
where pE is the Euclidean Jacobi momentum and ΛI is a size parameter. Here we use the
values of ΛDD∗ = 0.5 GeV and ΛV ≃ mV = 0.77 GeV. For the correlation function of the
charmonium component we use the modified Gaussian form multiplied by a polynomial:
Φ˜cc¯(p
2
E/Λ
2
I)
.
= exp(−p2E/Λ2cc¯)(1 + αXp2E/Λ2cc¯) (7)
where Λcc¯ = 3.5 GeV, αX is a free parameter which will be fixed from the analysis of
the radiative decays of X(3872) in the pure charmonium case.
The coupling constants g
Xψ1ψ2
are determined by the compositeness condition [41,
42, 43, 39]. This requirement implies that the renormalization constant of the hadron
wave function is set equal to zero with
ZX = 1− Σ′X(m2X) = 0 . (8)
Here Σ′X(m
2
X) = dΣX(p
2)/dp2|p2=m2
X
is the derivative of the transverse part of the mass
operator ΣµνX conventionally split into the transverse ΣX and longitudinal Σ
L
X parts as:
ΣµνX (p) = g
µν
⊥ ΣX(p
2) +
pµpν
p2
ΣLX(p
2) , (9)
where gµν⊥ = g
µν − pµpν/p2 and gµν⊥ pµ = 0 . The mass operator of the X(3872) receives
contributions from five hadron–loop diagrams with
ΣX(m
2
X) = ΣD0D∗0(m
2
X) + ΣD±D∗∓(m
2
X) + ΣJψω(m
2
X) + ΣJψρ(m
2
X) + Σcc¯(m
2
X) , (10)
which are induced by the interaction of X with the corresponding hadronic pairs H1H2
and the cc¯ configuration as contained in Eq. (4). The relevant diagram contributing to
ΣµνX (p) is shown in Fig.1. Using Eq. (2) and the compositeness condition (8) we have five
independent equations to determine the coupling constants g
Xψ1ψ2
. The relative signs of
the coupling constants are not fixed from the compositeness condition. Details on the
relevance of the signs are discussed in the section related to the analysis of the radiative
decays of the X(3872). Note, the Z factors of Eq. (3) cannot be directly identified with
the couplings of X(3872) to the different channels but are related via the compositeness
condition, which is a standard result in field theoretical approaches. An attempt to link
the couplings to the concept of wave functions assuming zero range transition operators
has been performed in Ref. [35] in a coupled channel formalism. There it was shown
that these couplings are essentially a measure of the wave function close to the origin.
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In Fig.2 we display the diagrams relevant for the radiative decays X → J/ψγ
and X → ψ(2S)γ. The main difference between the sets of diagrams feeding the
channels J/ψγ and ψ(2S)γ is: the last diagram of Fig.2 which is generated by the
J/ψV (V = ρ, ω) component of the X(3872) only contributes to the J/ψγ final state.
The effective Lagrangians generating the electromagnetic interaction vertices are
LDDγ(x) = ieAµ(x)D−(x)
↔
∂
µ
D+(x) ,
LD∗D∗γ(x) = − ieAµ(x)
{
gαβ D∗−α
↔
∂
µ
D∗+β (x)− gµβ D∗−α (x)∂αD∗+β (x)
+ gµα ∂βD∗−α (x)D
∗+
β (x)
}
,
LD∗Dγ(x) = e
4
ǫµναβFµν(x)
{
gD∗−D+γD
∗−
αβ (x)D
+(x) + gD∗0D0γD¯
∗0
αβ(x)D
0(x)
}
+H.c. ,
Lccγ(x) = 2e
3
Aµ(x)c¯(x)γ
µc(x) , (11)
where A
↔
∂µ B = A∂µB − ∂µAB; Fµν = ∂µAν − ∂νAµ, and Mµν = ∂µMν − ∂νMµ. The
strong couplings of the charmonium states J/ψ and ψ(2S) to D and D∗ mesons are
taken from HHChPT [46] (see also Ref. [29]). For convenience we use a relativistic
normalization of the meson states and write the Lagrangians in manifestly Lorentz
covariant form:
LψnDD(x) = − igψnDDψµnD†i (x)
↔
∂ µ Di(x) ,
LψnDD∗(x) = gψnDD∗ǫµναβ∂µψνn
{
D∗β†i (x)
↔
∂
α
Di(x)−D†i (x)
↔
∂
α
D∗βi (x)
}
, (12)
LψnD∗D∗(x) = igψnD∗D∗ψµn
{
−D∗+αi
↔
∂µ D
∗
iα +D
∗+
iµ
↔
∂α D
∗α
i +D
∗+α
i
↔
∂α D
∗
iµ
}
,
where ψn with n = 1, 2 stands for the vector fields of J/ψ and ψ(2S), respectively. The
chiral couplings of ψn with D(D
∗) mesons read
gψnDD = gψnD∗D∗
mD
mD∗
= gψnDD∗mψn
√
mD
mD∗
=
mψn
fψn
. (13)
The quantity fψn is determined by the leptonic decay widths of J/ψ and ψ(2S) of
Γ(J/ψ → e+e−) = 16π
27
α2
mJ/ψ
f 2J/ψ = 5.55 keV ,
Γ(ψ(2S)→ e+e−) = 16π
27
α2
mψ(2S)
f 2ψ(2S) = 2.38 keV , (14)
where α is the fine structure constant. From Eq. (14) we get fJ/ψ = 416.4 MeV and
fψ(2S) = 297.5 MeV.
Thus the ratios of the coupling constants gψ(2S)DD and gψ(2S)D∗D∗ to gJ/ψDD and
gJ/ψD∗D∗ are fixed as
gψ(2S)DD
gJ/ψDD
=
gψ(2S)D∗D∗
gJ/ψD∗D∗
=
mψ(2S)
mJ/ψ
fJ/ψ
fψ(2S)
≃ 1.67 . (15)
The coupling constant gD∗Dγ is fixed by data (central values) on the radiative decay
widths Γ(D∗ → Dγ) [1] with:
Γ(D∗+ → D+γ) = α
24
g2
D∗−D+γ
m3D∗+
(
1− m
2
D+
m2D∗+
)3
= 1.54 keV ,
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Γ(D∗ 0 → D0γ) = α
24
g2
D∗ 0D0γ
m3D∗ 0
(
1− m
2
D0
m2D∗ 0
)3
= 26.04 keV . (16)
From Eq. (16) we finally predict
gD∗−D+γ = 0.5 GeV
−1 , gD∗0D0γ = 2.0 GeV
−1 . (17)
In our calculation the mass of the charm quark is chosen as mc ≃ mX/2. The respective
couplings gV γ (V = ρ
0, ω) of the transitions ργ and ωγ are fixed from data on the
V → e+e− decay widths as
Γ(ρ0 → e+e−) = 4π
3
α2g2ργmρ = 7.04 keV ,
Γ(ω → e+e−) = 4π
3
α2g2ωγmω = 0.60 keV . (18)
Using last equation we get gργ = 0.20 and gωγ = 0.06. Finally, the interaction
Lagrangian for the coupling of ψn to the cc¯ configuration is
Lψncc¯(x) = gψnψµn(x)
∫
d4yΦψn(y
2)c¯(x+ y/2)γµc(x− y/2), (19)
where the coupling constant gψn is given as
gψn =
2
3
mψn
fψn
. (20)
By using the decay constants fψn of the J/ψ and ψ(2S) states we obtain the values
gJ/ψ = 4.96 and gψ(2S) = 8.26. Here Φψnc is the vertex function corresponding to the
distribution of the charm quark inside the ψn. For the J/ψ and its radially excited
state ψ(2S) we use the respective pure and modified Gaussians as correlation functions.
Their Fourier transforms in the Euclidean region read:
Φ˜Jψ(p
2
E/Λ
2
Jψ
)
.
= exp(−p2E/Λ2Jψ) ,
Φ˜ψ(p
2
E/Λ
2
I)
.
= exp(−p2E/Λ2ψ)(1 + αψp2E/Λ2ψ) , (21)
where ΛJψ = Λψ = 2.5 GeV is a dimensional parameter describing the distribution
of charm quarks in the corresponding charmonia states, and αψ is a free parameter,
which is fixed by matching the present results for the radiative decays to the ones of
cc¯ potential models. The choice for the dimensional parameter ΛJψ, ψ is not unique, an
enhanced value of for example 3 GeV would result in a rescaled quantity αψ, but the
final result remains unchanged.
3. Results
In the following we define the the binding energy ǫ = ǫD0D∗0 by setting
mX = MD0 +MD0∗ − ǫD0D∗0 . (22)
We present our numerical results for three typical values of this binding energy
ǫ = 0.3, 0.7, 1 MeV and use the corresponding sets of configuration probabilities as
calculated in Ref. [14]:
ZD0D∗0 = 0.92 , ZD±D∗∓ = 0.033 , ZJψω = 0.041 , ZJψρ = 0.006 (23)
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for ǫ = 0.3 MeV,
ZD0D∗0 = 0.816 , ZD±D∗∓ = 0.079 , ZJψω = 0.096 , ZJψρ = 0.009 (24)
for ǫ = 0.7 MeV, and
ZD0D∗0 = 0.758 , ZD±D∗∓ = 0.111 , ZJψω = 0.122 , ZJψρ = 0.009 (25)
for ǫ = 1 MeV.
For the explicit discussion of our results we display the leading contributions of the
different structure components (molecular or charmonium) to the X → J/ψ + γ and
X → ψ(2S)+ γ decay widths in powers of PJψ(ψ)/mX with mX ∼ mJψ ∼ mψ(2S) (in the
further discussion we will focus on the case of ǫ = 0.3 MeV; the full analysis given in
Tables I–III includes the other cases of ǫ = 0.7 and 1 MeV):
Γ(X → J/ψ + γ) = αP
3
Jψ
3m2X
[(
GDD
∗
Jψ
cos θ
PJψ
mX
+GJψV cos θ +Gcc¯Jψ sin θ
)2
+
(
GJψV cos θ +Gcc¯ψ sin θ
)2 m2X
m2Jψ
]
, (26)
Γ(X → ψ(2s) + γ) = αP
3
ψ
3m2X
[(
GDD
∗
ψ cos θ
Pψ
mX
+Gcc¯ψ sin θ
)2
+
(
Gcc¯ψ sin θ
)2 m2X
m2Jψ
]
,
where PJψ = (m
2
X −m2Jψ)/(2mX) = 697 MeV and Pψ = (m2X −m2ψ)/(2mX) = 181 MeV
are the corresponding three–momenta of the decay products; θ is the mixing angle
between the hadronic and the charmonium components. Here the coefficients Gji are
the effective dimensionless couplings containing the leading contributions of the different
X(3872) subconfigurations to the radiative decay widths. In particular, GDD
∗
Jψ(ψ)
are the
couplings encoding the contributions of the molecular D0D∗0 + D±D∗∓ components,
GJψV is related to the J/ψρ and J/ψω components and Gcc¯Jψ(ψ) are the couplings
connected with the possible charmonium configuration in the X(3872). Note for
convenience we define the relative signs of the different couplings in the Lagrangian (4)
in a such way, that all contributions of the D0D∗0, J/ψV and cc¯ configurations enter
with positive relative signs. However, we want to stress that the signs of the relative
couplings are not fixed at the beginning and they can at this level of the analysis only
be fixed by an analysis of the radiative decay data.
First, we consider the radiative decays of the X(3872) in the pure charmonium
picture. To fix the model parameters, entering in the charmonia vertex functions, we
match our results to the model predictions performed in Refs. [13, 17, 28]. Since these
predictions cover a wider range of values we explicitly refer to the results of [13], [17] and
[28] as scenario I, II and III, respectively. The predictions of these scenarios for the rates
Γψ = Γ(X → ψ(2S) + γ) and ΓJψ = Γ(X → J/ψ + γ) and their ratio R = Γψ/ΓJψ are
contained in Table I. In order to reproduce (or match) the predictions of the potential
approaches we adjust the two parameters αX and αψ entering in the correlation functions
of the charmonium components for the X(3872) and the ψ(2S). In Table I we present
the sets of parameters αX and αψ fixed from this matching procedure. We also show
the sensitivity of the parameter values to a variation of the binding energy ǫ.
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The inclusion of the molecular components of the X(3872) can be relevant to
improve first the description of the ratio R. However, due to the large error attached
to the experimental result for the ratio R and due to the band width of predictions
for the pure charmonium case we only can perform a preliminary structure analysis
of the X(3872). Restricting to the current central value of the ratio with R = 3.5
we demonstrate that an inclusion of the molecular components can decrease (as is the
case for scenario I) or increase (as for scenarios II and III) the potential results of the
pure cc¯ configurations. In particular, for case I the contribution of both molecular
components D0D∗0 and J/ψV to the J/ψγ decay mode should be constructive relative
to the charmonium one in order to suppress the ratio R. For the cases II and III the
molecular components D0D∗0 and J/ψV should result in destructive interference with
the charmonium component in order to enlarge the ratio R. It should also be clear
that the constructive/destructive interference effect can be controlled by the sign of the
mixing angle θ.
In Tables II-IV we present a detailed analysis of the radiative decay widths and the
resulting ratio R for the full structure scenario of the X(3872) containing both molecular
configurations and a charmonium component. For the case of the cc¯ configuration
all three scenarios contained in Table I are considered. We also display the various
cases for the binding energy with ǫ = 0.3, 0.7 and 1 MeV, connected with the varying
molecular configuration probabilities of Eqs. (23)–(25). Note again that the charmonium
contribution is fitted by an appropriate choice of the parameters αX and αψ in the vertex
functions of the X(3872) and ψ(2S) states describing the distribution of the charm
quark components inside these states. We also indicate the value of the mixing angle θ
to reproduce the central value R = 3.5 for all three scenarios and for the representative
values of the binding energy ǫ. As was already stressed, for scenario I inclusion of the
molecular components should induce a decrease of the ratio R predicted in the pure
charmonium picture. The interference of the molecular and charmonium components
for the J/ψγ decay amplitude is constructive and the corresponding mixing angle θ is
positive and relatively large with θ ∼ 700 (sin θ ≃ 0.94). Therefore, in this scenario a
possible molecular contribution is largely suppressed. In the case of scenarios II and
III inclusion of the molecular components leads to an increase of the value R taken
in the pure charmonium picture. The interference of the molecular and charmonium
components in the J/ψγ decay is destructive and the corresponding mixing angle is small
and negative with θ ≃ −130 (sin θ ≃ −0.23, scenario II) and θ ≃ −200 (sin θ ≃ −0.34,
scenario III). Finally, we would like to comment on a possible deviation of the cutoff
parameters for the neutral D0D¯∗0 and charged D±D¯∗∓ components. Because the
charged component is strongly suppressed even a large variation in the cutoff parameters
does not have a strong influence on the result. For example, using a cutoff parameter
for the D±D¯∗∓ component from 0.5 to 2 GeV we find that the total contribution of the
neutral D0D¯∗0 and charged D±D¯∗∓ components to the radiative decay widths of the
X(3872) are varied respectively: ΓJψ from 3.6 to 4.5 keV and Γψ from 0.012 to 0.015
keV for ǫ = 0.3 MeV. Similar results are obtained for ǫ = 0.7 and 1 MeV.
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Next we discuss the predictions of our approach for the strong decays of the
X(3872). In particular, we consider the transitions X(3872) → J/ψ + (2π, 3π) and
X(3872) → χcJ + (π, 2π) where a preliminary evaluation and discussion was given
in Ref. [29]. There numerical results were indicated for large values of the cutoff
parameters for the molecular components in the X(3872). Now we present predictions
for these strong decay modes with values for the model parameters as fixed in the
present manuscript. As in Ref. [29] we restrict to the contribution of the molecular
J/ψρ and J/ψω components to the transitions X(3872) → J/ψ + (2π, 3π) (see
diagrams in Fig.3), while the D0D¯∗0 and charged D±D¯∗∓ components contribute to
the X(3872)→ χcJ + (π, 2π) transitions (see diagrams in Figs.4 and 5). Especially the
strong decay modes involving J/ψ in the final state are interesting, since the Belle [47]
and BABAR [38] Collaborations provided experimental results for the following ratios:
R1 =
Γ(X → J/ψπ+π−π0)
Γ(X → J/ψπ+π−) = 1.0± 0.4 (stat)± 0.3 (syst) (27)
and
R2 =
Γ(X → J/ψγ)
Γ(X → J/ψπ+π−) = 0.14± 0.05 (Belle); 0.33± 0.12 (BABAR) . (28)
In Tables V we present our results for the strong decay modes of the X(3872), where
we also indicate the values obtained for R1 and by RcJ we define the ratios of three–
and two–body decays with
RcJ =
Γ(X → χcJ + 2π0)
Γ(X → χcJ + π0) . (29)
Table VI contains our predictions for the X(3872)→ J/ψγ decay, but now also for the
ratio R2 relating strong and radiative decays. The ratio R2 can be explained in the
model scenarios II and III, where only a subleading cc¯ component in the X(3872) is
present. One should stress that all predictions are sensitive to the Z-factors (ZD0D∗0,
ZD±D∗∓, ZJψω and ZJψρ) encoding the relevant contribution of the different components
in the X(3872) Fock state. As was already stated, in our numerical calculations we use
the explicit predictions of the potential model [14].
4. Summary
In summary, we have shown that a nontrivial interplay between a possible charmonium
and the molecular components in the X(3872) is necessary to explain the ratio R =
B(X(3872) → ψ(2S)γ)/B(X(3872) → J/ψγ) of radiative decay modes. Since present
experimental result has a fairly large error and the cc¯ predictions are also sensitive
to model details, at this point the structure composition of the X(3872) related to
this ratio cannot be pinned down uniquely. But we also showed that especially the
ratio R2 = Γ(X → J/ψγ)/Γ(X → J/ψπ+π−) relating radiative to strong decays hints
presently at a scenario where the cc¯ component only plays a subleading role. More
precise data on these ratios obviously help in further constraining the structure details
J/ψγ and ψ(2S)γ decay modes of the X(3872) 11
of the X(3872). Further tests of the proposed interpretation of the X(3872) can also be
found in the predictions for the strong decay modes involving χcJ .
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Figure 1. H1H2 hadron–loop or cc¯ quark–loop diagram contributing to the mass
operator of the X(3872) meson.
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Figure 2. Diagrams contributing to the radiative transitions X(3872)→ J/ψ+γ and
X(3872)→ ψ(2S) + γ.
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Figure 3. Diagrams contributing to the hadronic transitions X(3872) → J/ψ +
(2pi, 3pi).
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Figure 4. Diagrams contributing to the hadronic transitions X(3872)→ χcJ + pi0.
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Figure 5. Diagrams contributing to the hadronic transitions X(3872)→ χcJ + 2pi0.
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Table I. Radiative decay widths of X(3872) for the pure 23P1 cc¯ case.
The matching parameters αX and αψ are indicated resulting from a fit to
the decay widths of the respective potential models (scenarios I, II and III).
Scenario I [13] Scenario II [17] Scenario III [28]
Γψ = 64 keV Γψ = 183 keV Γψ = 60 keV
ΓJψ = 11 keV ΓJψ = 71 keV ΓJψ = 45 keV
R = 5.8 R = 2.6 R = 1.3
ǫ (in MeV) αX , αψ αX , αψ αX , αψ
0.3 2.094, -2.390 1.685, -2.750 1.814, -2.114
0.7 2.094, -2.394 1.684, -2.757 1.813, -2.118
1 2.094, -2.398 1.684, -2.762 1.813, -2.122
Table II. Radiative decay widths of X(3872) in the charmonium-molecular picture
for a binding energy of ǫ = 0.3 MeV. The total result includes
all contributions with the appropriate mixing factors cos θ or sin θ of Eq.(2).
The value of θ is indicated in the bracket after the total prediction for R.
Scenario Quantity cc¯ DD∗ J/ψV DD∗ + J/ψV Total
ΓJψ , keV 11 3.6 1.5 8 16
I Γψ, keV 64 0.01 0 0.01 56
R 5.8 3.3 ×10−3 0 1.5 ×10−3 3.5 (θ = 68.90)
ΓJψ , keV 71 3.6 1.5 8 2.4
II Γψ, keV 183 0.01 0 0.01 8.4
R 2.6 3.3 ×10−3 0 1.5 ×10−3 3.5 (θ = −12.60)
ΓJψ , keV 45 3.6 1.5 8 1.94
III Γψ, keV 64 0.01 0 0.01 6.8
R 5.8 3.3 ×10−3 0 1.5 ×10−3 3.5 (θ = −20.20)
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Table III. Radiative decay widths of X(3872) in the charmonium-molecular picture
for a binding energy of ǫ = 0.7 MeV. Otherwise as in Table II.
Scenario Quantity cc¯ DD∗ J/ψV DD∗ + J/ψV Total
ΓJψ , keV 11 3.4 3.1 10.6 16.6
I Γψ, keV 64 0.01 0 0.01 58.2
R 5.8 3.2 ×10−3 0 1.0 ×10−3 3.5 (θ = 72.10)
ΓJψ , keV 71 3.4 3.1 10.6 2.7
II Γψ, keV 183 0.01 0 0.01 9.5
R 2.6 3.2 ×10−3 0 1.0 ×10−3 3.5 (θ = −13.50)
ΓJψ , keV 45 3.4 3.1 10.6 2.0
III Γψ, keV 60 0.01 0 0.01 7.0
R 5.8 3.2 ×10−3 0 1.0 ×10−3 3.5 (θ = −20.40)
Table IV. Radiative decay widths of X(3872) in the charmonium-molecular picture
for a binding energy of ǫ = 1.0 MeV. Otherwise as in Table II.
Scenario Quantity cc¯ DD∗ J/ψV DD∗ + J/ψV Total
ΓJψ , keV 11 3.3 3.7 11.4 16.8
I Γψ, keV 64 0.01 0 0.01 58.8
R 5.8 3.2 ×10−3 0 0.9 ×10−3 3.5 (θ = 72.90)
ΓJψ , keV 71 3.3 3.7 11.4 2.8
II Γψ, keV 183 0.01 0 0.01 9.8
R 2.6 3.2 ×10−3 0 0.9 ×10−3 3.5 (θ = −13.80)
ΓJψ , keV 45 3.3 3.7 11.4 2.0
III Γψ, keV 64 0.01 0 0.01 7.0
R 5.8 3.2 ×10−3 0 0.9 ×10−3 3.5 (θ = −20.60)
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Table V. Predictions for the strong decays of X(3872).
Quantity Our results Data
ǫ = 0.3 MeV ǫ = 0.7 MeV ǫ = 1 MeV
Γ(X → J/ψπ+π−), keV 6.0 9.7 10.5
Γ(X → J/ψπ+π−π0), keV 3.6 7.4 11.2
R1 0.60 0.76 1.07 1.0± 0.4± 0.3
Γ(X → χc0 + π0), keV 2.76 3.17 3.38
Γ(X → χc0 + 2π0), eV 4.24 4.88 5.21
Rc0 × 103 1.54 1.54 1.54
Γ(X → χc1 + π0), keV 0.74 0.86 0.92
Γ(X → χc1 + 2π0), eV 49.84 57.34 61.17
Rc1 × 102 6.70 6.70 6.70
Γ(X → χc2 + π0), keV 1.01 1.16 1.23
Γ(X → χc2 + 2π0), eV 1.39 1.59 1.70
Rc2 × 103 1.38 1.37 1.38
Table VI. Results for X(3872)→ J/ψγ and the ratio R2.
Scenario Quantity Our results Data
ǫ = 0.3 MeV ǫ = 0.7 MeV ǫ = 1 MeV
ΓJψ , keV 16 16.6 16.8
I R2 2.67 1.71 1.57 0.14 ± 0.05 [47]
0.33 ± 0.12 [38]
ΓJψ , keV 2.4 2.7 2.8
II R2 0.67 0.36 0.25 0.14 ± 0.05 [47]
0.33 ± 0.12 [38]
ΓJψ , keV 1.9 2.0 2.0
III R2 0.53 0.27 0.18 0.14 ± 0.05 [47]
0.33 ± 0.12 [38]
